Abstract. The ultraviolet (UV) absorption spectra of several gasoline samples are measured using a compact static Fourier-transform (FT) spectrometer. The FT-UV spectrometer is constructed from crystalline quartz Wollaston prisms and polarizers fabricated from beta barium borate to form an interferogram in the spatial domain. The interferogram is recorded with a UV-sensitive detector array and Fourier transformed to yield spectra. Investigation using principal component analysis enables the identification of important gasoline properties such as origin.
Introduction
Gasoline is a complex mixture of a range of refinery products, blended under strict regulatory controls to produce fuel conforming to exacting supply specifications. In the Western world sophisticated distribution systems ensure product quality is maintained from the refinery to the customers and quality assurance on the forecourt is rarely required. However, because most of the fuel retail price is tax and duty, which can vary significantly by country and fuel type, some distributors may be tempted to adulterate gasoline of one type with another or to illicitly obtain fuels when near national borders. This can lead to a lower-quality product for the customer, reputation damage and loss of revenue for the producer and duty authorities. In some circumstances it can therefore be necessary to check the quality of the fuel on the forecourt, which often involves taking a sample and returning it to a central laboratory for analysis. This slow process limits the number of samples that can be tested. The ability to screen fuels on the forecourt would not only speed up this operation but enable the retesting of suspect fuels and further samples to be removed for more detailed analysis at a specialist laboratory.
Gasoline quality is defined by national and international standards [1] which specify the measurement method to be used. Techniques for gasoline monitoring include calibrated internal combustion engines [2] , chromatography [3] and vapour samplers comprising a selection of chemical sensors [4, 5] . All these methods are time consuming, requiring several hours for a measurement, involve expensive and maintenance-intensive equipment, skilled labour, and are usually lab-based, making realtime process control and forecourt measurement impractical [6] .
In recent years there has been increasing interest in the use of optical measurement systems to predict fuel properties for quality control during manufacture and for the random testing of fuel specifications on the forecourt. Selectivity and the ability to predict multiple properties requires measurement at many wavelengths and so multichannel spectrometers are an appropriate solution. To date, such investigations have concentrated on the rotationalvibrational transitions in the mid-and near-infrared regions of the spectrum [7] [8] [9] [10] .
Many organic molecules, such as those found in gasolines are also ultraviolet (UV) absorbing. In unsaturated hydrocarbons, particularly delocalized systems such as benzene, the π → π * transition is of sufficiently small energy to produce strong absorption bands in the near-UV region [11] . Consequently, the 200-350 nm spectral range is of potential interest for the characterization of gasolines.
In this paper we report the use of a static Fouriertransform (FT) spectrometer for measuring the UV- absorption spectra of liquid phase gasoline. Subsequent investigation of the spectra by principal component analysis (PCA) allows us to determine gasoline properties such as brand and octane number.
System construction
The design and fabrication of static FT spectrometers has been detailed elsewhere [12, 13] . In summary, the spectrometer is based on two Wollaston prisms which, when placed between polarizers aligned at 45
• to the optic axis of the prisms, form an interferogram in the spatial domain that can be recorded using a detector array. The two Wollaston prisms utilized in this instrument are manufactured from quartz with wedge angles of 6
• and 11. UV-sensitive detector array this gives a Nyquist wavelength of approximately 190 nm. The chief modification compared with earlier designs is the use of Glan-Taylor polarizers made from the synthetic crystal beta barium borate which give extinction ratios above 10 000:1 over a spectral range of 210-400 nm. These polarizers produce an interferogram with higher fringe contrast than for those obtained previously and this serves to improve the signal-to-noise ratio within the processed spectrum. Figure 1 shows a detailed schematic of the spectrometer design. The light source used in all of this work was a deuterium bulb with a total output power of 1 mW in the 200-350 nm spectral range. The advantage of using a FT spectrometer stems from its high optical efficiency. For the same resolving power, a FT spectrometer has anétendue (optical efficiency) approximately 190 times greater than that of a dispersive instrument [14, 15] . In this application, the use of a FT spectrometer, removes the need for collimating and focusing optics which would be required to couple the light into the input slit of a dispersive spectrometer. Consequently, any small-angle scattering of the light by the sample does not influence either the collection efficiency of the FT spectrometer or the recorded spectrum.
In the UV region of the spectrum the absorption coefficient of liquid phase gasoline is extremely high. Thus, when examining gasoline with our low-power, eyesafe, light source it is necessary to form a suitably thin sample to obtain an adequate transmitted intensity such that a spectrum can be recorded with sufficient detail. In this study we formed a sample cell using two fused silica optical flats with a 5 µm thick film of aluminium-coated polyethylene terephthalate for a spacer. Filling the cell simply required a single drop of fuel onto one of the flats which was subsequently sandwiched against the other. This procedure gave extremely reproducible spectra and was not critical in the correct identification of the gasoline brand. Figure 2 shows a schematic of the light source, sample cell and spectrometer configuration. 
Results
A number of 'super-unleaded' gasoline spectra, obtained from FTs of the corresponding interferograms, are shown in figure 3 . Although some features distinguish the various fuel brands it is difficult to identify a characterization criteria from the spectra alone.
PCA is a multivariate statistical technique [16, 17] useful for identifying groupings within multidimensional data sets. As applied, each dimension of the data set corresponds to the absorption at a particular wavelength. The principal components are the orthogonal directions in this multidimensional space which show the greatest sampleto-sample variation and correspond to the eigenvalues of the co-variance matrix of the data. Often it is found that the first few principal components account for most of the variation between the various samples and that one or two of the components can be used to place the sample in different groupings which have physical significance.
PCA is well suited to a computer-based system where the spectral differences can be represented in the form of a few values rather than the complete spectral data. Such representation allows easy grouping of the various samples by properties of the fuels. PCA was performed on the recorded spectra of 15 super-unleaded gasolines collected from different UK outlets within a short period of time and figure 4 is a plot of the first and second principal components. It is a trivial task to identify that the fuels fall into five groups.
Reference to the gasoline origin shows that each of these groups corresponds to a particular brand.
Analysis of 15 'regular-unleaded' gasoline samples reveals a similar result. Figure 5 is a scatter plot of the first two principal components, the five fuel brands again cluster into easily identifiable groups.
Performing a PCA on the combined super-unleaded and regular-unleaded gasoline spectra enables not only brand identification but fuel type classification. Figure 6 is a plot of the first two principal components where it can be seen that not only have the fuels clustered into their different brands but the grouping also enables the classification of the fuel type within each brand. It follows, therefore, that this technique could form the basis of a hand-held instrument for forecourt monitoring and confirmation of fuel type.
Other physical characteristics of the gasoline may be correlated with other principal components, but any link can only be established empirically after processing of data sets having a known variation in the characteristic in question. For example, preliminary studies using this equipment for the measurement of octane number have been carried out. Measurement of octane number and subsequent control of the mixing process is extremely important since, legally, the gasoline must at least meet the stated octane value but an unnecessarily high octane rating increases production cost. Quantitative measurements would require an extensive selection of specially prepared samples which were not available for these studies but the initial results were encouraging and showed that small (≈ 0.1) changes in octane number could be determined.
